SUMMARY Antibody to tissue factor apoprotein was adsorbed against 7-globulin and coupled to horseradish peroxidase; this complex was applied to various rabbit tissues. The distribution of the peroxidase marker then was observed by electron microscopy. We examined fixed or frozen sections, as well as breis of aorta, vena cava, brain, heart, lung, liver, spleen, kidney, bone marrow, mesothelial gut lining, erythrocytes, leukocytes, and platelets. All endothelial cells that had been exposed to the antibody complex were positive and in all cases only the endothelial cells showed localization of the electron-dense reaction product. Tissues that had been incubated with complexes prepared with 7-globulin from animals not immunized with tissue factor apoprotein showed no staining.
EVEN THE simplest blood vessel may be composed of a variety of cell types. Under normal conditions endothelial cells line the vessel lumen and, in capillaries, pericytes frequently surround them. 1 More complicated vessels also have a media and adventitia. The former consists almost entirely of smooth muscle cells, and fibroblasts are to be found in the latter. Ordinarily, these various cells are readily recognized and identified from their histological and ultrastructural characteristics. However, in a damaged or healing vessel, the morphology of these cells may be altered and obscured to such a degree that their identification by traditional microscopic techniques no longer is certain. 2 ' 3 This is a particularly severe problem for blood vessel cells grown in tissue culture; under these conditions histoarchitectural features are lost. For this reason, several investigators have attempted to find histochemical markers that would identify more specifically the various cell types. To date, antibodies to factor VIII (antihemophilic factor), 4 and to thrombosthenin'-* have been used in an attempt to label endothelial cells; however, both also react with platelets. In other light microscopic studies, Zeldis et al. 7 suggested that antibodies to tissue factor (thromboplastin) antigen could be localized on the intima of large vessels. Preliminary results of electron microscopic studies on a similar preparation showed antibody interaction with endothelium and with platelets adhering to arterial subendothelium.
Our present studies constitute a detailed extension of this work; in them we have used anti-tissue factor antibodies adsorbed with 7-globulin to provide a completely specific label for endothelial cells.
Methods

PREPARATION OF ANTISERA AND CONJUGATION WITH HORSERADISH PEROXIDASE
Tissue factor apoprotein was purified from delipidated rabbit lung powders. 9 We used 840 /ig suspended in Freund's adjuvant to immunize a goat by intradermal injection of two equal doses at an interval of 1 week. Antiserum was harvested when a 1:400 dilution of serum inhibited tissue factor activity. 10 The immunoglobulin fraction was prepared by ammonium sulfate fractionation and diethylaminoethyl (DEAE)-cellulose chromatography 10 and adsorbed by passage over a Sepharose 6B affinity column of crude rabbit globulin." The fraction was stirred overnight with rabbit crude globulin (550 jug/10 ml, pH 9.0), and 7 mg of immune globulin were passed over a 2-ml column (equivalent to 2.5 mg of crude rabbit globulin) of this material; this adsorbed antiserum was the test reagent used in our studies. Another goat was immunized with rabbit IgG prepared by ammonium sulfate fractionation and DEAE-cellulose chromatography. This globulin was used for control experiments.
We removed and inactivated clotting factors from the antiserum or the normal goat serum (5 ml each) by adsorbing three times with barium sulfate; we then tested for specific anticoagulant effect against tissue factor. chemical activities. 7 -I0 Those fractions containing all three types of activity (peroxidase, neutralization, precipitin) were pooled and used as the adsorbed anti-tissue factor (AdATF)-horseradish peroxidase (HRP) complex. Fractions from a similar filtration of peroxidase-coupled normal goat globulin with the same elution volume were combined for use as control reagent in all experiments.
To examine the homogeneity of the antibody preparation, we performed double-diffusion analysis [1.5% agar plates in tris(hydroxymethyl)aminomethane (Tris) (0.05 M, pH 8.1) with peripheral wells 0.9 cm from the center of apoprotein against adsorbed antiserum]. All purified 7-globulin fractions were concentrated with an Amicon concentrator, with a PM-10 filter, and then were further concentrated by osmosis against dry Sephadex G-200. Two precipitin bands were seen; they presumably corresponded to the two peaks found in the original protein preparation.* LIGHT MICROSCOPIC IMMUNOHISTOCHEMISTRY New Zealand rabbits weighing approximately 3 kg were anesthetized with pentobarbital (Nembutal), 5 mg/kg, iv, supplemented with ether as needed. Samples of organs were removed, cubes of tissue were mounted in OCT embedding medium (Fisher), and sections 4-6 iim thick were cut on a cryostat. Both experimental and control sections were dried at room temperature for 24 hours, and then frozen. After thawing, they were incubated for 30 minutes with the AdATF-HRP complex and then processed for the reaction product. 9 '
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PREPARATION OF TISSUES FOR ELECTRON MICROSCOPIC IMMUNOHISTOCHEMISTRY
New Zealand rabbits weighing approximately 3 kg were lightly anesthetized with pentobarbital (5 mg/kg, iv) and with supplemental ether as necessary. Most vessels and organs were prepared for immunohistochemistry by a modification of a technique previously described. 1 * The vessels and organs were fixed at room temperature by perfusion through the abdominal aorta with 2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at 100 mm Hg. After 15 minutes the perfusion fluid was changed to phosphate buffer alone and perfusion was continued for another 15 minutes. The blood vessels (abdominal aorta, vena cava, and iliac arteries and veins) and organs (heart, lung, liver, kidney, bone marrow, spleen, brain, and mesothelial gut lining) were excised, cut into small blocks, and rinsed three times in phosphate buffer. After an additional overnight wash in buffer the tissues were processed for immunohistochemistry.
Additionally, on several occasions we collected fixed cells VOL. 38, No. 3, MARCH 1976 of aortic intima by lightly scraping the luminal surface of some of the aortas with a no. 11 scalpel blade. The scrapings were collected in phosphate buffer and the cells were disrupted with a glass-glass homogenizer. Some cellular damage was desired to ensure penetration of the AdATF-HRP complex into the cell. The resulting brei was left to wash overnight in buffer; subsequently a pellet of the material was sedimented at 1,000 g for 15 minutes. This pellet was processed for electron microscopic immunohistochemistry as described below. Several aortas were injured by balloon de-endothelialization, and perfusion fixation was accomplished 10 minutes later 14 to determine the immunohistochemical reactivity of adhering and aggregated platelets.
As controls for fixation, other arteries, not fixed in glutaraldehyde but perfused with phosphate buffer alone, were sliced longitudinally, embedded in OCT, and sectioned in a cryostat at 5 /im. The frozen sections were collected on glass slides, rinsed in buffer, and incubated immediately with AdATF-HRP.
Circulating elements of the blood were also collected for reaction with AdATF-HRP. Several rabbits were bled from the ear artery, and the blood was collected in 3.8% sodium citrate to provide a final proportion of 10:1. A buffy coat was prepared by centrifuging the blood at 650 g for 15 minutes; subsequently the plasma and compacted erythrocyte layers were discarded. The buffy coat was resuspended in phosphate buffer and centrifuged again at 650 g and the pellet was processed for immunohistochemistry.
ELECTRON MICROSCOPIC IMMUNOHISTOCHEMISTRY
Tissue from each of the organs studied was processed on three to 20 separate occasions. At least three blocks were viewed from each tissue prepared for electron microscopy. Fixed and washed tissues were embedded in 7% agar, and slices 25 jtm thick were prepared with a TC2 Sorvall Smith-Farquhar tissue slicer. (Blood vessels were slit longitudinally to permit adequate embedding in agar.) The slices were rinsed in 0.5 M Tris-0.15 M NaCl (pH 7.4) and then incubated with gentle agitation for 30 minutes at room temperature in normal goat serum diluted 1:30 in Tris-buffered saline (TBS). After three rinses in TBS, each lasting 3 minutes, the slices were incubated for 30 minutes with AdATF-HRP (40-50 M g/ml in 0.1 M phosphate, pH 7.4). After a second series of three 3-minute rinses in TBS the slices were gently agitated for 30 minutes in freshly prepared 0.013% 3,3'-diaminobenzidine with 0.0026% H S O, in 0.5 M Tris, pH 7.6. Three 3-minute rinses in distilled water were followed by postfixation in 2% osmium tetroxide in 0.1 M cacodylate buffer, pH 7.4, for 30 minutes. The slices were again washed in distilled water, then dehydrated through graded concentrations of ethanol and embedded in Epon 812. Before sectioning, each block was trimmed so that an edge of the slice that had been in immediate contact with AdATF-HRP during incubation was included in each section. Ultrathin sections were cut and were viewed in the electron microscope without further staining.
CONTROL EXPERIMENTS FOR ELECTRON MICROSCOPIC IMMUNOCYTOCHEMISTRY
We substituted unconjugated HRP for AdATF-HRP to ensure that the staining pattern was not mediated through a nonspecific binding of the HRP molecule itself. The globulin fractions from nonimmunized goat serum and from a goat immunized to rabbit 7-globulin were coupled with HRP in the same manner as was AdATF; we substituted these preparations for the complex to determine whether binding was due to some nonspecific serum component found in normal goat serum. The latter control was used in parallel with AdATF-HRP in all experiments.
To provide a specific blocking experiment, the tissue slices were incubated with unconjugated AdATF for 30 minutes, rinsed, then incubated with AdATF-HRP complex. In another type of blocking experiment, the tissue slices were incubated in goat antiserum to rabbit 7-globulin, rinsed, and then incubated with AdATF-HRP complex.
To circumvent the possibility that the AdATF-HRP binding reaction was somehow mediated through blood coagulation, several rabbits were given 1,000 units of heparin intravenously 5 minutes before fixation of tissues.
Other control experiments on tissue-processing techniques included omission of any HRP-containing complex, omission of the diaminobenzidine staining reaction, omission of the incubation in dilute goat serum before incubating with the complex, and an extension of incubation time with AdATF-HRP complex for 72 hours to ensure penetration.
Results
IMMUNOHISTOCHEMICAL SPECIFICITY OF AdATF-HRP COMPLEX
The electron-dense product of oxidized diaminobenzidine and osmic acid indicated the site of the AdATF-HRP complex (Fig. 1) . The following observations from control experiments demonstrated that the reaction product was actually derived from the AdATF-HRP complex, and that binding was mediated by the globulin portion of the complex. First, the intense staining was not observed when arterial tissue sections were incubated with the complex and then directly stained with osmium, but with the reaction with diaminobenzidine omitted. Thus the heme group of the peroxidase itself was not sufficient to provide the product density seen here. Second, when sections were incubated with HRP alone only a diffuse nonspecific staining was seen (Fig. 2) . It was concluded therefore that the localized reaction product observed represented the site of the AdATF-HRP complex.
The specificity of the AdATF portion of the complex for binding to the antigen was tested by a blocking method in which the arterial tissue slices were incubated with unconjugated AdATF before incubation with AdATF-HRP. This procedure resulted in a total absence of reaction product in the sections (Fig. 3) , and indicated that we were not detecting heterophilic binding to endothelial cells. This was confirmed by the observation that the characteristic staining pattern was retained whether or not the slices were preincubated with dilute, normal goat serum, as well as when they were preincubated with goat antibody to rabbit 7-globulin. Additionally, when HRP was conjugated with globulin from a nonimmune goat or from a goat immunized to rabbit 7-globulin, no reaction product was observed in sections exposed to these complexes.
Another •dr. nonspecific covalent linkage through free aldehyde groups remaining after fixation. This was ruled out by our observation of occasional white cells, platelets, and red cells that were trapped in the lumens and which were devoid of bound complex (Fig. 4) , although the membranes of these cells also had been exposed to the fixative. In addition, platelets adhering to the subendothelium 10 minutes after endothelial removal showed no binding of the complex.
LOCALIZATION OF REACTIVE SITES
The reaction product was found exclusively on endothelial cells and was localized primarily on the plasma membrane of these cells. Furthermore, all such membranes exhibited the reaction product, provided there was opportunity for the AdATF-HRP to reach that surface. Thus, the luminal endothelial cell surface of the larger arteries and veins uniformly showed the electron-dense precipitate, as did the endothelial lining of smaller vessels, including capillaries, when they were exposed to AdATF-HRP by their presence near the cut edge of the slice (Fig. 5) . These reactions were unaffected by prior heparinization of the rabbits.
During the fixation procedure, endothelial cell membrane was the surface first exposed to glutaraldehyde; this raises the possibility that fixation might have exposed or enhanced endothelial reactivity. On the other hand, fixation might have depressed affinity of other cells for the antibody. We approached this question by both light and electron microscopy. In frozen, unfixed tissues (Fig. 6 ), just as in the glutaraldehyde-fixed material, the endothelial remnants stained intensely with essentially no reaction in other cells. Furthermore, prolonged exposure of frozen sections to glutaraldehyde (10 minutes in 2% glutaraldehyde) resulted only in occasional diminution of endothelial staining when tissues were examined with the light microscope.
When the endothelial cells were examined in detail, it became apparent that the reaction product was usually limited to the luminal cell membrane and pinocytotic vesicles. It was assumed that even in those cases when stained pinocytotic vesicles appeared deep within the cell, they actually were confluent with the vessel lumen in some other plane. Unfortunately the electron-dense precipitate was insufficiently circumscribed for us to determine whether antigenic sites were associated with the luminal endothelial surface coat or with one or both of the leaflets of the plasma membrane.
When we examined the endothelial cells that were at the cut edge of the slice, the basal plasma membranes also were found to be stained (Fig. 7) . On the other hand, most organelles within the exposed interiors of such cells, such as mitochondria and nuclei, were unstained although some elements of the endoplasmic reticulum frequently seemed to be positive (Fig". 8) . We confirmed these results by examining the breis obtained from intimal scrapings in which exposed nuclei (Fig. 9 ) and mitochondria were also negative although there was a suggestion of a positive reaction in the endoplasmic reticulum.
CELLULAR SPECIFICITY
The absence of reaction product in nonendothelial cells or at other sites within the endothelial cells might have resulted from poor penetration of the large AdATF-HRP molecular complex. We examined this possibility by paying particular attention to those sections that included the edges of the slices. Under such conditions, it was assumed that all exposed cells, including the endothelial cells, had equal opportunity to be in contact with the AdATF-HRP. Even in these instances, however, the reaction product was limited to the endothelial cells. The parenchymal cells of heart, lung, liver, spleen, brain, kidney, bone marrow, and mesothelium, even when they clearly were directly exposed to the incubation medium, were all negative. Nevertheless, the endothelial linings of blood vessels immediately adjacent to the negative parenchymal cells were consistently positive (Figs. 5 and 10). Unreactive endothelial cells were encountered only in small vessels that were buried within a parenchymatous mass, and that probably were never reached by the AdATF-HRP complex.
The consistent, strongly positive reaction of the endothelial lining of the larger arteries deserves special mention. This reaction was so constant that we eventually used such vessels as positive controls to test the reliability of the method when it was applied to other tissues.
Even within the arteries, however, the reaction product was essentially limited to the endothelial cells. When the cut ends of these vessels were included in the section, the smooth muscle cells of the media and the extracellular connective tissue (collagen, basement membrane, and elastin) all ap-
FIGURE 6 The reaction product (arrows) is seen associated only with remnants of cells (considered to be endothelium) on the luminal portion of the internal elastica (f). This preparation was made by first cutting frozen sections of rabbit arteries, reacting them with adsorbed anti-tissue factor (AdA TF)-horseradish peroxidase (HRP) and diaminobenzidine and then fixing them with osmium. Some staining of the elastic lamina is present as a result of arlifactual diffusion.
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FIGURE 7 This is a view of an endothelial cell (E) along the cut edge of a fixed artery. The cell has been partially separated from its underlying internal elastica, thus exposing its avascular surface for contact with adsorbed anti-tissue factor (AdA TFyhorseradish peroxidase (HRP). This surface now shows reaction product. The cytoplasm, too, shows some reaction product, most of which may be due to diffusion or nonspecific peroxidase absorption due to injury.
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FIGURE 10 Fixed rabbit lung shows reaction product associated with endothelial cells (E). Also exposed to adsorbed anti-tissue factor (AdATFyhorseradish peroxidase (HRP) but nonreactive is the alveolar epithelium (arrows).
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FIGURE 11 The cut edge (CE) of a fixed rabbit artery is seen here The only element of the vessel showing reaction product (arrow) is the endothelium. The opaque material is not present on smooth muscle cells (S), elaslin (I and X) or other extracellular materials. L = lumen.
peared negative (Fig. 11) . The only exception was the occasional association of reaction product with the cut edge of the internal elastic lamina close to the severed edge of an endothelial cell. This probably was due to the artifactitual spread of the antigen by the knife onto the elastin, since elastin in deeper portions of the vessel was not reactive even when located at the edge of the slice. Elastin fragments obtained from homogenized preparations were uniformly negative.
Discussion
An ideal marker for endothelial cells should have two essential properties. It should bind to all endothelial cells regardless of the type of vessel in which they are found. The present results indicate that the methods we used do, indeed, fulfill this function. Whenever there was opportunity for the AdATF-HRP complex to contact an endothelial cell a reaction was demonstrated, and vessels of all types had comparably reactive cells. The second property necessary for an ideal endothelial cell marker is that it react exclusively with endothelial cells. This was tested by elaborate efforts to ensure that nonendothelial cells of vessels and cells of other tissues were equally exposed to the AdATF-HRP complex. In no case did these demonstrate reactivity. Evidently the AdATF-HRP marker is suitable for the identification of endothelial cells, at least under the conditions reported here. Other techniques that depended on fluorescent antibody methods, such as those using anti-factor VIII (antihemophilic factor)* or antithrombosthenin, 5 are complicated by the reactivity of cells, other than endothelial cells, which may be present in the intact animal.
It was not possible to establish by our techniques the relationship between the observed immunological reaction and associated procoagulant activity. Since the antibody used gave at least two precipitin lines when tested against purified antigen by the Ouchterlony gel method, it is not certain that its anti-tissue factor activity in vitro was identical to the activity of the cell-reactive component. Although this uncertainty about the precise nature of the immune reaction precludes firm conclusions concerning hemostatic implications, the selectivity of the preparation in reacting only with endothelial cells nevertheless permits its valid use as a marker. Of interest in this respect is the poor correlation between the endothelial cell content of a given tissue with its corresponding antigen, and the known tissue factor activity of the corresponding tissue. For example, brain, a tissue with high procoagulant activity, is relatively avascular, as compared to liver, which is highly vascular but a rather weak source of tissue factor activity. 16 Furthermore, smooth muscle cells (J.R. Maynard, personal communication) and fibroblasts in culture" have been shown to exhibit tissue factor activity, although in our material these cells, even when exposed' to AdATF-HRP, were nonreactive. Whether this seeming discrepancy is related to the special conditions of tissue culture is unknown. It would be worth while to expose cultured smooth muscle cells and fibroblasts to AdATF-HRP. This would have to be done with rabbit tissue, because preliminary studies in our laboratory suggest that AdATF-HRP does not cross species.
The antibody primarily provides a reliable method for aiding in the recognition of endothelial cells, and it may be of great value in at least two important areas of current research. One is the attempt to grow endothelial cells in culture. In the past, the endothelial nature of the cultured cells has been judged on morphological grounds and by antibody methods, referred to above,* which are known to be nonspecific. A marker such as the one described in the present report can provide an additional important criterion by which to judge the endothelial nature of the cells in question.
In addition, a number of laboratories are presently engaged in investigations on the healing process in damaged blood vessels.
Si l7 ' 19 In our own laboratory 20 we have used the present method to determine the extent of re-endothelialization at various times after injury and are currently correlating other properties of these intimal cells with the onset of their ability to bind the AdATF-HRP complex. ACETYLSTROPHANTHIDIN has been shown to induce transient depolarizations (TD's) in canine Purkinje and atrial specialized conducting tissues. 1 ' 2 The same phenomenon (low amplitude potentials) appears in Purkinje tissue intoxicated with ouabain. 3 In isolated tissues TD's can reach threshold and result in extrasystoles. 1 TD's may provide a mechanism for certain ectopic activity and arrhythmias observed in preparations in situ.
The Effects of Tension on
1 ' * •   5 Preliminary evidence suggests that TD's are caused by or involve an inward transmembrane current carried by calcium ions. 6 If TD's are associated with an influx of Ca ions one might expect a concurrent partial activation of the contractile mechanism. In this study experiments were conducted to test this hypothesis, and some of the characteristics of aftercontractions found to accompany TD's are described. The data are consonant with the hypothesis that calcium ions are involved in the generation of TD's and suggest that the overt manifestations of digitalis intoxication may be altered by the amount of resting tension to which the tissue is subjected.
Methods
Experiments were performed with canine ventricular muscle and Purkinje tissue. Adult mongrel dogs (8-15 kg) of either sex were anesthetized with sodium pentobarbital (30 mg/kg, iv). Hearts were removed through a left parasternal incision and immediately fibrillated (25 V, 3 msec in duration, at 50-60 Hz). Papillary muscles, trabeculae, and false tendons with diameters of less than 1 mm were excised, usually from the right ventricle, and were placed in a reservoir of oxygenated Tyrode's solution at 37°C. A selected preparation was transferred to a tissue bath through which Tyrode's solution flowed continuously (37°C, equilibrated with 95% Oj-5% CO 2 ). The composition of the solution was: NaCl, 137.0 mM; KC1, 14.0; NaH 2 PO 4 , 0.9; NaHCO,, 12.0; CaCl 2 , 2.5; MgSO«, 0.5; and dextrose 5.5. One end of the preparation was fixed to the bath with a stainless steel pin. The other end was attached by means of a nylon thread to a Grass force-displacement transducer (FT 03C). The resting tension applied to the preparation was 80% of the tension required to result in maximum developed tension measured at a basic cycle length (BCL) of 600 msec.
Preparations were driven with rectangular pulses from a Tektronix pulse generator (pulses, 3 msec in duration, 2x theshold voltage). An interval generator triggered the pulse generator. The stimuli were delivered in regular trains of 10 or 20, separated by 3-second pauses.
Glass microelectrodes filled with 2.7 M KC1 and varying in resistance from 10 to 20 megohms were used to record transmembrane potentials. Conventional methods were used to display the transmembrane activity on an oscilloscope (Tektronix 565). Records of contraction were displayed simultaneously. The combined display was photographed with a Grass camera.
In some experiments acetylstrophanthidin (AS) (Eli Lilly) was infused directly into the tissue bath using a Harvard
